The cytokine macrophage migration inhibitory factor (MIF) possesses unique tautomerase enzymatic activity, which contributes to the biological functional activity of MIF. In this study, we investigated the effects of blocking the hydrophobic active site of the tautomerase activity of MIF in the pathogenesis of lung cancer. To address this, we initially established a Lewis lung carcinoma (LLC) murine model in Mif-KO and wild-type (WT) mice and compared tumor growth in a knock-in mouse model expressing a mutant MIF lacking enzymatic activity (Mif P1G ). Primary tumor growth was significantly attenuated in both Mif-KO and Mif P1G mice compared with WT mice. We subsequently undertook a structure-based, virtual screen to identify putative small molecular weight inhibitors specific for the tautomerase enzymatic active site of MIF. From primary and secondary screens, the inhibitor SCD-19 was identified, which significantly attenuated the tautomerase enzymatic activity of MIF in vitro and in biological functional screens.
INTRODUCTION
Lung cancer is the leading cause of cancer deaths worldwide (1) . It is estimated that the 5-year survival rate is at most 16% (2) . Therefore, novel therapeutic targets for lung cancer are urgently required.
Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine that has been implicated in the pathogenesis of chronic inflammatory diseases (3) (4) (5) (6) . MIF is expressed by a number of cell types such as macrophage cells (7), lymphocytes (8) , neutrophils (9) and eosinophils (4) . High levels of preformed MIF, as well as MIF mRNA, were previously found in unstimulated macrophages in the RAW 264.7 cell line (7) . In addition, an expanding body of recent evidence has highlighted the important role for this proinflammatory cytokine in cancer (10, 11) . MIF is expressed by a variety of cancers including prostate (12) , colon (13) , liver (14) and lung (15) , and a number of protumor functions have been assigned to this protein. These functions include the downregulation of the tumor suppressor p53 and prevention of p53-induced apoptosis by MIF, thereby facilitating malignant transformation (16) . MIF also promotes constitutive extracellular signal-regulated kinase (ERK) activation mirroring the actions of oncogenes such as RAS. MIF has been found to support hypoxic adaptation of cells by inducing stabilization of hypoxiainducible factor 1-α (HIF1α) (17) . MIF readily contributes to a microenviron-ment favoring tumor growth and proliferation by promoting angiogenesis required to sustain tumor growth.
Specific studies in lung cancer have identified MIF as a key regulator of tumor growth. MIF expression has been shown to correlate with expression of angiogenic chemokines in non-small cell lung cancer (18) . Specific knockdown of MIF expression or inhibition of its function significantly reduced migration and invasion of lung adenocarcinoma cells (19) . In a model of chronic lung injury, enhanced MIF expression promoted lung tumor growth, highlighting the key role of this cytokine in tumor development in chronic inflammatory diseases (20) . These studies provide persuasive evidence that MIF is a valid therapeutic target in lung cancer.
A unique functional characteristic for this cytokine is that it possesses enzymatic activity. Specifically, it has the ability to catalyze the tautomerization of the nonphysiological substrate D-dopachrome into an indole derivative (21) . To date, the precise role of the tautomerase enzymatic activity of MIF in clinical disease has not been clearly defined. However, with the development of specific inhibitors, this enzymatic activity has been shown to be critical for protein function in a variety of diseases from inflammation to cancer (22) (23) (24) (25) (26) , most likely by virtue of structural features of the active site mediating critical protein: protein interactions (21) . On the basis of this expanding body of evidence, we developed specific small-molecular-weight inhibitors targeting the tautomerase enzymatic activity of MIF as a potential therapeutic strategy in lung cancer.
Here, we report the characterization of a novel inhibitor of MIF tautomerase activity, namely SCD-19. Subsequently, we show that this inhibitor has the capacity to significantly attenuate lung cancer growth in in vitro and in vivo systems.
MATERIALS AND METHODS

Structure-Based Drug Design
FRED (version 2.6; OpenEye Scientific Software, Sante Fe, NM, USA; www.eyesopen.com), a protein-ligand based docking program, was used to conduct a virtual screening campaign against the tautomerase active site of MIF. The crystal structure, 1CA7, was downloaded from pdb.org (Research Collaboratory for Structural Bioinfomatics Protein Data Bank [RCSB PDB]) to evaluate the programs ability to reproduce accurate bioactive conformations. The hydroxyphenyl pyruvate ligand was removed from the active site, conformations were generated by using OMEGA (OpenEye Scientific Software) and the new library was docked into the tautomerase active site. Analysis of the various scoring functions available in FRED showed that the top-ranked pose in the Chemgauss3 scoring function had the lowest root-mean-square deviation (RMSD) when compared with the crystal structure ligand. A training data set was also generated consisting of 40 known MIF actives and 960 putative decoy compounds. Conformers of each ligand were enumerated and docked into the tautomerase active site by using Chemgauss3. The ability of FRED to distinguish the actives from the decoys was assessed through ROC curve analysis. With the docking protocols validated, a vendor data set consisting of approximately 205,000 molecules was downloaded from SPECS.net and screened. Compounds were chosen on the basis of their Chemgauss3 score. These compounds then were assessed in in vitro cellular systems with regard to their efficacy in inhibiting MIF biological activity.
Cells and Reagents
The After overnight adherence, 100 ng/mL recombinant macrophage migration inhibitory factor (rMIF) was added along with the inhibitors or dimethyl sulfoxide (DMSO) in serum-free medium. Cells were harvested after 48 h by trypsinization and counted by using a hemocytometer. RAW 264.7 macrophage cells were plated at 1 × 10 5 /mL in complete DMEM. Sixteen hours later, cells were treated with ISO-1 or SCD-19 at a final concentration of 10, 50 or 100 μmol/L for 30 min before stimulation with 100 ng/mL lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO, USA). Supernatants were collected after 16 h. Tumor necrosis factor (TNF)α concentrations were determined by using a TNFα-specific enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Abingdon, UK). Levels of prostaglandin E 2 (PGE 2 ) were also assessed in the supernatants by ELISA (R&D Systems). Cell death was determined by measuring LDH present in collected supernatant (Roche, Basel, Switzerland; see Supplementary Figure S1 ).
Animal Experiments
Specific pathogen-free female C57BL/6 mice at 6-8 wks old (~20 g) were pur-chased from Charles River Laboratories (Ballina, Ireland). Mif-KO and Mif P1G (21) genetically modified animals were bred in-house and used at 6-8 wks old. They were maintained in the Biomedical Facility at University College Dublin under laminar airflow conditions. All animals had free access to standard laboratory food and water. All housing was temperature controlled and had a 12-h light and dark cycle. This work was approved by the University College Dublin animal research committee and complies with the international best practice for the care and use of laboratory animals. The LLC murine model represents a classic in vivo model of aggressive lung cancer. The model has been described previously (27) . Briefly, log-phase cultures of LLC cells were harvested by trypsinization and washed three times with sterile phosphate-buffered saline (PBS). The cells were resuspended at a cell density of 2. 
Statistical Analysis
Data are expressed as mean ± standard deviation (SD) from cumulative data, and the number of experiments performed is as outlined. The statistical difference between the groups was determined by using analysis of variance (ANOVA). Multiple comparisons between groups were then assessed by using the Bonferroni ad hoc test.
All supplementary materials are available online at www.molmed.org.
RESULTS
Structure-Based Drug Design Identifies a Novel Inhibitor of MIF Tautomerase Activity
MIF has been identified as a therapeutic target in autoimmune, inflammatory and malignant disease. We set out to identify novel inhibitors of MIF to be used in the treatment of lung cancer. By using a commercial database, we screened >200,000 compounds for their potential to interact with the active site of MIF. Compounds were ranked according to affinity, and those with the highest binding scores were assayed in vitro. Inhibition of L-dopachrome catalysis by recombinant MIF in the presence of the inhibitors was assessed. SCD-19 (Figure 1A ) was identified as our most effective inhibitor of MIF. At a concentration of 100 μmol/L, SCD-19 was capable of complete inhibition of MIF tautomerase activity, whereas ISO-1 is also shown to be less effective at inhibiting the tautomerase activity of MIF (Figure 1B) . Assessment of the levels of LDH in cell supernatants demonstrated that SCD-19 was nontoxic and did not induce cell death (see Supplementary Figure S1 ).
SCD-19 Inhibits the LPS-Associated Release of PGE 2 and TNFα
The tautomerase enzymatic activity of MIF has been implicated in a number of its molecular functions. Enzymatically active MIF promotes optimal release of inflammatory mediators such as TNFα and PGE 2 from LPS-stimulated cells. We examined the ability of SCD-19 to inhibit MIF in this context. LPS was used to stimulate the release of TNFα and PGE 2 from RAW 264.7 macrophage cells. Cell supernatants were then analyzed by ELISA. SCD-19 and IS0-1 were shown to dose dependently reduce TNFα, with SCD-19 being more effective at all concentrations [100 μmol/L], 48% reduction ± 3.44, ***p < 0.001; ISO-1 [100 μmol/L], 36% reduction ± 5.52; Figures 2A, B) . Similarly, PGE 2 inhibition was seen to be more significant with SCD-19 compared with ISO-1 (SCD-19, 34% reduction ± 0.023, **p < 0.01; ISO-1, 25% reduction ± 0.062, *p < 0.05) ( Figure 2C ). 
R E S E A R C H A R T I C L E
SCD-19 Inhibits MIF-Induced Rate of Cell Growth of LLC Cells In Vitro
MIF has been found to be expressed in a number of tumor types including lung cancer. MIF has previously been shown to directly promote cellular proliferation of LLC cells (20) . We examined whether inhibition of the tautomerase activity of endogenous MIF or that of extracellular added recombinant MIF (100 ng/mL) by SCD-19 would inhibit rate of cell growth in vitro. In both cases, SCD-19 exceeded the effect of ISO-1 and significantly reduced rate of cell growth of the lung cancer cell line. A total of 100 μmol/L SCD-19 inhibited both basal tumor (SCD-19, 47% reduction ± 0.33, ***p < 0.001; ISO-1 8% reduction ± 0.31) and extracellular added MIF rate of cell growth (SCD-19, 48% reduction ± 0.326, **p < 0.01; ISO-1, 11% reduction ± 0.952) (Figures 3A, B) .
MIF Supports Tumor Growth In Vivo
Before assessing the effectiveness of SCD-19 in LLC growth in vivo, we first confirmed the importance of functioning host-derived MIF in the setting of LLC cell primary tumor growth. Subcutaneous LLC tumors were established in Mif-KO and Mif P1G as well as wild-type (WT) control mice. Tumor growth was substantially reduced in both our Mif-KO mice (62% reduction, **p < 0.01) and Mif P1G transgenic mice (42% reduction, *p < 0.05) compared with WT mice ( Figure 4A ).
Inhibition of MIF by SCD-19 Reduced Lung Tumor Growth In Vivo
Having established that MIF is important for LLC growth and that SCD-19 could specifically inhibit MIF tautomerase enzymatic activity, we then assessed the potential for use of SCD-19 in vivo. By using a subcutaneous murine model of LLC, we treated mice twice weekly intraperitoneally with 35 mg/kg SCD-19, ISO-1 or vehicle (control) starting on the day of tumor inoculation. Mice receiving SCD-19 were found to have significantly reduced tumor volume (90% reduction, ***p < 0.001) compared with control and vehicle-treated mice, whereas mice receiving ISO-1 had a less pronounced effect (60% reduction, **p < 0.01) ( Figure 4A ). Having confirmed that SCD-19 could inhibit tumor growth when administered prophylactically, we decided to replicate better the human clinical situation and only administer our inhibitor when the tumor was palpable on the flank of the mouse (d 7 after well and were pretreated with 100 μmol/L SCD-19 or ISO-1 for 30 min before the addition of 100 ng/mL LPS. After 16 h, cell culture supernatants were collected. Supernatants were assessed using a PGE 2 ELISA kit. *p < 0.05, **p < 0.01, ***p < 0.001. Data presented as mean ± SD (n = 6). The cells were incubated at 37°C in a humidified 5% CO 2 incubator, and the cells were harvested using centrifugation after 48 h and counted by using a hemocytometer (***p < 0.001, **p < 0.01; data presented as mean ± SD, n = 3). (B) LLC cells were plated at a cell density of 5 × 10 4 cells/mL and pretreated with 100 μmol/L of SCD-19 or ISO-1. Cells were subsequently treated with 100 ng/mL recombinant MIF and incubated at 37°C in a humidified 5% CO 2 incubator. After 48 h, cells were harvested by centrifugation and counted by using a hemocytometer (**p < 0.01; data presented as mean ± SD, n = 6).
M I F, E N Z Y M A T I C A C T I V I T Y, A N D L U N G C
tumor inoculation). Again, mice were treated twice weekly with 35 mg/kg SCD-19, ISO-1 or vehicle intraperitoneally and tumor growth was assessed. SCD-19 again significantly reduced tumor growth (81% reduction in tumor, ***p < 0.001) compared with ISO-1, which did not significantly reduce tumor growth (16% reduction) ( Figure 4B ).
DISCUSSION
It has long been recognized that chronic inflammatory states have the capacity for in situ malignant transformation. MIF, a proinflammatory cytokine, has been highlighted as a potential driver of this malignant transformation (11) . In the context of lung cancer, MIF expression has been shown to correlate with prognosis, and it has been suggested as a potential biomarker in non-small-cell lung cancer (28) . An in vivo model of LLC set in an MIF overexpressing environment showed that MIF directly enhanced tumor growth (20) . Expression of MIF and its receptor CD74 has been shown to correlate with increased angiogenic factor secretion in lung cancer cell lines (18, 29) . In vitro studies have shown that global inhibition of functional MIF in lung cancer cell lines is an effective way to inhibit many of the hallmarks of tumor development such as angiogenesis and metastasis (19) .
The enzymatic function of MIF has been previously shown to be required for optimal signaling in inflammatory and tumor growth pathways. Mutation of the tautomerase active site or inhibition by chemical inhibitors has previously been shown to attenuate key processes required for tumor growth, namely MIFinduced ERK phosphorylation, COX-2 induction and p53 inhibition.
The P1G transgenic mouse expresses a mutated MIF resulting in a loss of enzymatic activity and in turn loss of specific biological activity. Using this in vivo Mif P1G model, authors have previously looked at the enzymatic activity of MIF with regard to tumor progression, benzo[α]pyrene was used to chemically induce skin tumors in the Mif P1G mice (30) . Significantly fewer tumors were induced compared with WT MIF mice. In a model of colorectal cancer, increased levels of MIF expression were shown to correlate with both tumor differentiation and also in lymph node and liver metastasis. Using the MIF inhibitor ISO-1 to therapeutically treat the mice resulted in a significant reduction in tumor volume, decreased angiogenesis and also lower levels of liver metastasis (13) . Recent published work has identified two additional tumor-associated pathways where MIF plays an important role. AMP-activated protein kinase (AMPK) is an enzyme that regulates cellular metabolism in response to stress and is activated by the tumor suppressor liver kinase B1 (LKB1). MIF has been shown to deactivate AMPK enzyme supporting tumor growth in non-small-cell lung cancer cells (31) . MIF has also been shown to mediate alternative activation of tumor-associated macrophages in a melanoma model. In both macrophages from MIF null mice and mice treated with the tautomerase inhibitor 4-IPP, immunosuppression was inhibited, which lead to reduced tumor growth and increased survival (32) .
Based on this knowledge, we believe that targeting the hydrophobic pocket of MIF, the location of the tautomerase enzymatic active site of MIF, represents a valid anticancer therapeutic target.
Small-molecular-weight inhibitors of the tautomerase enzymatic activity of MIF have been developed previously. ISO-1 represents one of the best characterized of these specific inhibitors and has been analyzed in a number of tumor models. In a model of prostate cancer, inhibition of MIF by ISO-1 significantly attenuated tumor growth and angiogenesis (33) . Similarly, in a model of colon cancer, ISO-1 was capable of significantly reducing tumor mass (13) . However, to date, the use of small molecule inhibitors targeting the tautomerase enzymatic activity of MIF has not been described in lung cancer. Small molecule inhibitors have the advantage (over antibodies) of ease of uptake by cells and the potential of exerting their inhibitory capacity both intracellularly and extracellularly. To assess the specificity of SCD-19, we used a cell-free assay consisting of recombinant MIF and the substrate L-dopachrome methyl ester. Complete inhibition of MIF-dependent tautomerization of the substrate was achieved by using a concentration of 100 μmol/L. A Ki value of 32 μmol/L was calculated that compares favorably to that of ISO-1, the most commonly used inhibitor of MIF enzymatic activity. We also analyzed our compound using an LDH assay to assess potential cellular toxicity of our compound. We analyzed LDH release from collected supernatants derived from our previous experiments. This step allowed us to see that our compound was not toxic to the cells, causing cell death.
MIF promotes development of an inflammatory environment through promotion of TNFα and COX-2 production. These activities are also associated with the induction and promotion of tumors. To further characterize SCD-19, we determined whether this inhibitor could attenuate MIF-associated inflammatory signals. LPS-induced production of TNFα was significantly decreased when the cells were preincubated with SCD-19. Furthermore, COX-2-dependent PGE 2 in RAW macrophage cells was attenuated to control levels after pre-incubation with SCD-19. MIF has been shown by other authors to upregulate COX-2 and, in turn, PGE 2 production (16). Previously, a study looking at rheumatoid arthritis showed that treating fibroblast-like synoviocytes with recombinant MIF significantly increased the amount of COX-2 activity and in turn the amount of PGE 2 production in the cells (34) . Reports have shown that upregulation of COX-2 and PGE 2 leads to tumor growth and metastasis of tumors, since PGE 2 promotes angiogenesis (35) . Because SCD-19 reduces the production of PGE 2 from RAW 264.7 macrophages, reduced tumor vascularization and thus volume results. Th1 responses are required to attenuate tumor growth (36) . Because SCD-19 reduces TNFα production in RAW 264.7 macrophages, a decrease in tumor incidence and also tumor volume may result.
It has previously been shown that addition of recombinant MIF to LCC cells directly promotes cell growth rate. Before taking SCD-19 into the in vivo model of LLC, we established the important role for the tautomerase activity of MIF for the growth and proliferation of these particular tumor cells. SCD-19 has the ability both to inhibit MIF-induced cell growth rate of these cancer cells and also to inhibit basal cell growth rate, presumable via inhibition of endogenous tumor-derived MIF. In vivo we compared growth of the LLC cell line in WT mice versus Mif-KO mice and Mif P1G mice expressing the tautomerase-null MIF protein. The important role that blocking the hydrophobic active site of the tautomerase enzymatic activity of MIF plays in promoting tumor growth is evident from both in vitro and in vivo work. A dosing strategy was used similarly to previously published work with enzymatic inhibitors (22) . Mice were initially treated with tumor inoculation. Animals were then administered with SCD-19 twice weekly. Significant tumor volume reduction in treated animals was found. To mimic a more clinically relevant setting, we then treated mice posttumor inoculation, waiting until the tumor was palpable before commencing treatment. At this point (7 d after tumor inoculation) mice were treated twice weekly as before. Primary tumor volume was found to be significantly reduced (>80%) in treated animals. The results presented here highlight the importance of this tautomerase activity in driving cancer growth and provide evidence for targeting this unique activity as part of an anticancer drug discovery platform. When comparing inhibition of tumor growth in both our Mif-KO and knock-in mice experiments to WT mice treated with our novel inhibitors, we found significantly enhanced inhibition in our treated mice.
CONCLUSION
Recent studies have focused on the MIF produced by the tumor stroma and not the tumor cells themselves. There is a lot of current research surrounding the role of stromal-cell MIF in tumor growth. Simpson et al. (37) looked at the role of MIF in tumor growth. They looked at a metastatic breast cancer model and demonstrated that tumor-derived MIF has the ability to promote tumor growth through inflammatory cells within the tumor. In this study, MIF was seen to increase the number of myeloid-derived suppressor cells (MDSCs) within the tumor. Using an inhibitor of MIF, they demonstrated a reduction in MDSCs within the tumor that is similar to a reduction of MIF. While this study demonstrates that the stromal MIF is important, it also highlights the importance of therapeutically inhibiting MIF with chemical inhibitors.
In this model, both tumor-and hostderived MIF are targeted compared with our transgenic/knock-in models, where LLC cells still have the capacity to produce endogenous-active MIF within the tumor microenvironment. To maximize cancer inhibition, our data clearly show that a strategy that targets both hostand tumor-derived MIF is significantly more efficacious. In summary, we have shown that targeting the unique tautomerase enzymatic activity of MIF, using our novel inhibitor, represents a valid strategy attenuating lung cancer growth.
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